Abstract. The paper analyzes the dependence of punching shear strength reliability index β, calculated according to En 1992En -1-1:2004En (2004 and sTR 2. 05.05:2005 (2005) in reinforced concrete floor slab-to-column joint on the values of random factors. The paper deals with theoretical research of the influence of independent random variables, such us the value of the characteristic compressive strength f ck of concrete, the area A s of the longitudinal reinforcement, effective cross-section depth d and the ratio of the self-weight and the effective load on the value of the reliability index β. The paper presents experimental results of reinforced concrete slabs with different longitudinal reinforcement ratio ρ subjected to a concentrated load. it was determined that when the effective load makes around 50% of the construction self-weight load, i.e. G k /Q k = 2 and when minimal variation coefficient estimates are taken (for concrete strength δf c = 0.1, for effective depth δd = 0,1 and for the area of longitudinal reinforcement cross-section δA s = 0.05 or δA s = 0.075 and when G k = Q k i.e. G k /Q k = 1 where δf c = 0.1, δd = 0.1 and δA s = 0.05) the reliability index β of the analyzed slabs calculated according to En 1992En -1-1:2004En (2004 as well as β calculated according to sTR 2.05. 05:2005 (2005), is bigger than En 1990En :2002En (2002 recommendation for the minimum value of reliability index -3.8 for RC2 construction reliability class ultimate. in other cases the reliability index β is close to 3.8 or much smaller than 3.8.
Introduction
Recently there have been a lot of structures of multistorey buildings with reinforced concrete monolithic flat slabs. Design of such reinforced concrete slabs, their depth, their class and the amount of reinforcement are usually determined by the bending moment caused by external forces at a respective normal section. When slab parameters of bending moment effects are calculated, punching shear strength in the slab to column connection is examined. Due to complicated state of stress in this area that is difficult to predict, there is still no single approach how to calculate punching shear strength of a slab. Design codes of European Union, Usa, Britain, Canada, australia and lithuania reinforced concrete construction design use different approaches to calculating punching shear strength.
scientists of many countries have analyzed and recommended to improve the codes and standards applied for designing punching shear strength. European standard En1992-1-1:2004 En1992-1-1: (2004 , lithuanian regulations sTR 2. 05.05:2005 (2005) , american code aCi 318-05 (2005) and the australian standard as 3600-2009 (2009) require to consider the influence of prestressing when calculating the punching shear strength of a slab whereas aCi 318-05 (2005) and the British standard Bs 8110 (1997) require to consider the influence of the bending moment. The European standard En 1992 En -1-1:2004 En (2004 and sTR 2.05. 05:2005 (2005) , additionally to the influence of prestressing, also require to consider the factor of longitudinal reinforcement in the tension zone. Different theoretical punching shear pyramid outer surface inclination angle θ and at the same time the distance from the surface of the column to the critical perimeter given in design codes of different countries significantly influence the calculation results. in En1992-1-1:2004 En1992-1-1: (2004 this angle is defined to be 26.6º; Bs 8110 (1997), Din 1045-1(07/02) (2002), and sTR 2. 05.05:2005 aCi 318-05 (2005) , Canadian Csa-a23.3-04 (2004) , as 3600-2009 ), Model Code MC 2010 and the sniP 2.03. 01-84 (1984) -45º . if a different inclination angle is taken, the length of the critical perimeter is calculated at a different distance from the column. according to En 1992 En -1-1:2004 En (2004 , the critical perimeter is calculated at 2d distance from the edge of the column, according to lithuanian codes -the critical perimeter is calculated at 1.5d distance from the edge of the column, whereas according to aCi 318-05 (2005) , MC 2010 (2010) -at d/2 distance from the column (Fig. 1) .
Calculations of punching shear strength according to different methodologies are given below.
European standard EN 1992 EN -1-1:2004 EN (2004 :
Technical Regulation of Construction of Lithuania STR 2.05.05:2005 : 
in equations of both normative documents f ck and f ctd are in MPa.
1 ly lz 0.02
where: ρ ly , ρ lz -reinforcement ratios along y and z axes respectively; ρ ly and ρ lz are calculated for the section whose area is equal to the width of the column adding 3d to every size of the column:
where: σ cy , σ cz -normal stresses in concrete at the dangerous section, respectively y and z along the axes (MPa), in case of compression, the sign of minus is taken. ent design standards with the experimental and numerical experiments. The authors found out that, additionally to concrete shear stresses at the critical section, the biggest influence on the punching shear strength of a slab is attributed to the ratio ρ of longitudinal reinforcement. Research shows that increasing of the ratio of longitudinal reinforcement changes the inclination angle θ of the external surface of the pyramid under punching shear at the same time changing the distance of the critical section from the surface of the column. if the coefficient ρ of longitudinal reinforcement was close to zero (e.g. in a deep foundation under a column), θ would be 45º. if ρ increases, θ decreases and, as a result of this, the distance of the critical section from the surface of the column increases, the length of the critical perimeter increases and at the same time the punching shear strength resistance strength increases. Zabulionis et al. (2006) Rizk et al. (2011) while comparing different calculation methods provided in design codes of different countries with the experimental research made a parallel analysis of the dependence of punching shear strength of slabs on the longitudinal and transverse reinforcement, whereas Carvalho et al. (2011 ), Faria et al. (2012 also analyzed the influence of advance prepressing.
It is recommended in
scientists of Vilnius Gediminas Technical University have also conducted experimental research to investigate the influence of longitudinal reinforcement ratio ρ on the punching shear strength of a reinforced concrete slab, to define the distance of the critical section from the surface of the column. The results of the experiment were published in the work of Šakinis and Vainiūnas (2009) .
Besides, most of different design codes, additionally to the methodology of partial factors (PF), also allows probability-based structural design which is very actual in recent research (Gardner 2011; soubra et al. 2010; He et al. 2012; Głodkowska, kobaka 2012; kong et al. 2013) . This is a design method which directly calculates the reliability of structure (or the index β of reliability corresponding to it), which is compared to the regulated standardized value (usually β n ). The specifics of this method is that while calculating the reliability index of a structure it not only considers the systemic and random errors of the above mentioned methods, but it also applies the values of the non-determined function arguments which are considered to be random values distributed according to a certain law (usually Gauss's). It should be noted that in some design codes statistical parameters (arithmetic means and variation coefficients) which are applied to arguments may be applied either from a standardized set or from the one determined in an experimental way. it obviously illustrates that all aforementioned factors, i.e. model errors, statistical parameters of distributions applied to arguments (arithmetic means and variation coefficients), as well as the method of their identification will have a significant influence in calculating the reliability index of a construction. it is, therefore, relevant to perform a comparative analysis of the dependence of calculating the punching shear reliability index β of the joint between reinforced concrete floor slabs and a column according to En 1992 En -1-1:2004 En (2004 and sTR 2.05. 05:2005 (2005) from different random factor values and determine the most important factors that have an impact on the difference of the results.
Research methods and results
Five series of specimens were manufactured and tested (10 slabs). During the testing the whole contour of the slab was supported on a stiff steel beam (Fig. 2) . The loading of the slab all the way to failure by punching shear was increased in stages 10 kn. The dimensions of the specimens were 2135×2135×140 mm, the dimensions of the column head were 200×200×200 mm (Fig. 3) . The longitudinal reinforcement ratio ρ = 0.449...1.90%, the diameter of reinforcement bars 8...16 mm, reinforcement strength class s400 according to sTR 2.05. 05:2005 (2005) , the spacing of bars -100 mm (Fig. 3) . The protective layer of concrete of longitudinal reinforcement in all slabs was 20 mm. The compressive cubic strength of concrete f c,cube = 33,4...46.6 MPa. The compressive cube strength of concrete was determined by testing standard cubes of 150×150×150 mm, the sample quantity -8 items. Geometrical and mechanical parameters of the slabs as well as the ultimate force are presented in Table 1 . a typical slab failure mode is presented in Figure 4 . The detailed data of the experimental programme is presented in Šakinis and Vainiūnas (2009 (2003) are used to ensure the management of the reliability of building structures. according to them, there are three classes of buildings (CC1, CC2 and CC3) as well as 3 reliability classes matching them which are classifi ed according to the consequences of structural failure or serviceability as well as the hazard they cause. Reliability classes of structures are recommended to be defi ned by the reliability index β. The lowest recommended values of the reliability index β are given in Table B.2 of En 1990:2002 (2002) . The lowest value of β = 3.8 for the reference period of 50 years for residential, offi ce and public buildings whose collapsing consequences are averagely severe.
The ratio of the reliability index β with the probability of structural failure (JCss code (2000) , Eqn (C.5)) is:
The construction failure probability (En 1990 (En :2002 (En 2002 :
where: P f -failure probability; P s -survival probability; g -resistance reserve function, (when g > 0, the construction is supposed for survival, when g ≤ 0, it is supposed to fail); g = R -E; respectively R -construction resistance, E -random variables of an acting effects.
If g is distributed according to the Gaussian law:
From here μ g -β Ϭg = 0, and
By allying the design values of effect and resistance, calculation is considered to be fi nished if the critical states are not reached. This condition can be expressed by:
The main independent random variables in calculating the reliability index β of the punching shear strength of a slab are: f ck -characteristic compressive strength of concrete, A s -the area of the cross-section of longitudinal reinforcement and d -the effective depth of the cross-section.
according to Eqns (3) and (4), the characteristic punching shear strength of a slab can be calculated in the following way: 
When u 1 is calculated at a 1.5d distance from the surface of the column (sTR 2. 05.05:2005 2005) :
When calculating the design V Rd,c , the coeffi cients 6.684 and 3.342 should be divided by the reliability coeffi cient γ c of concrete.
applying methodology of Kudzys and Kliukas (2010) , the theoretical standard deviation of punching shear strength can be calculated according to the equation:
where: Ϭ 2 f ck = (δf ck *f ck ) 2 ; Ϭ 2 d = (δd*d) 2 ; Ϭ 2 A s = (δA s *A s ) 2 . if we equate the design acting force V Ed to the design resistance force V Rd,c , (V Ed = V Rd,c) the reliability index β can be calculated according to equation:
where: V Rm -the average value of punching shear resistance of a slab; Ϭ 2 V Rm -the average standard deviation of resistance values; μ VE -the total mean of construction effects; Ϭ 2 μ VE -the average standard deviation of effects. The average value of punching shear resistance of a slab is calculated according to Eqn (13) The characteristic load V Ek of beamless floors usually consists of the self-weight of the structure G k and the effective load Q k : V Ek = G k + Q k . since the design value of effect in a general form is expressed by: F d = γ f yF k and if we take the combination factor y = 1.0 and partial coefficients of effect γ fG = 1.35 and γ fQ = 1.5 (En 1990 (En :2002 (En 2002 , the design punching shear force can be calculated according to the formula:
By applying the recommendation of the code sTR 2.05. 05:2005 (2005) , that μ VE = G k + Q k and Ϭ 2 μ VE and assuming the ratios of G k /Q k = 2, G k /Q k = 1 and G k /Q k = 0.5, the calculations for these three combinations are made. Tables 2 and 3 a theoretical research shows that only in case when the effective load is around 50% of the self-weight of the construction, i.e. G k /Q k = 2 and if we take the minimal values of the variation coefficient: for compressive strength of concrete δf c = 0.1, for the effective depth δd = 0.1 and for the area of longitudinal reinforcement cross-section δA s = 0.05 or δa s = 0.075, the reliability index β of the analyzed slabs calculated according to En 1992 En -1-1:2004 En (2004 ranges from 3.83 to 4.036. it is bigger than the lowest reliability index value -3.8 (Table 2 and Figs 5, 6) recommended in En 1990 En :2002 En (2002 for the critical state of RC2 reliability class structures. The calculated reliability index β is greater than or close to 3.8, when G k /Q k = 1, and δf c = 0.1, δA s = 0.05 or δA s = 0.075, and also when G k /Q k = 2 and δf c = 0.15. if manufacturing control quality is worse or the requirements of manufacturing technology are not fulfilled, variation of material strength increases, which is especially typical of concrete compressive strength as a result of which the value of the variation coefficient of concrete strength may increase even up to δf c = 0.2. When δf c = 0.2 or G k /Q k = 0.5 in all cases, β is less than 3.8 (Table 2 and Figs 5, 6). The reliability index β calculated according to sTR 2.05. 05:2005 (2005) taking that δf c = 0.1, δd = 0.1 and δA s = 0.05 also G k /Q k = 2 and G k /Q k = 1 is higher than 3.8, and when G k /Q k = 0.5, it is higher than or close to 3.8. Even when δf c = 0.2 and G k /Q k = 2, β is higher or close to 3.8. Only when δf c = 0.2 and G k /Q k = 0.5, the index of reliability β does not reach the lowest value of the reliability index (Table 3 and Fig. 7 ). according to Eqn (2), the punching shear strength depend on A s , f cm and d. The equivalent punching shear strength value from test results can be obtained. While calculating equivalent value leaner approximation A s , f cm and d, the power multipliers λ were calculated:
Using Mathcad software, the leaner approximation was obtained:
Here V Rem is the equivalent punching shear strength value. The coefficient λ not clearly and accurate represents the influence of reinforcement ratio, concrete strength and effective depth because of the small number of tests (Table 1) .
When experimental slabs are manufactured in a laboratory, the quality of specimens is high. as a result, the standard deviation of specimens' strength is much smaller, and, in this way, the values of the reliability index β are much higher ranging from 6.028 to 8.645 (Table 4 and Fig. 8 ). Research shows that the index β of reliability increases when the ratio of longitudinal reinforcement ρ increases (Tables 2-4 and Figs 5-7).
Analysis of results
as shown in Figures 5-8 , the theoretical values of the reliability index β are significantly different and this difference depends on many parameters. it is obvious from Eqn (16) that different parameters influence the differences of these results: both the loading ratio G k /Q k present in the function of effects, as well as the geometrical and strength parameters of the slab, present in the resistance function -A s , d, f c , c. Therefore, the resistance function g (Eqn (9)) is a function with several variables whose arguments are random values distributed according to a certain law and described by a certain average and a square deviation (or variation coefficient). Having calculated the standard deviation of function g and having expressed in percentage the significance of each argument, it is possible to make conclusions about the influence of relevant g function arguments considering their standard deviations both on the reliability index β as well as the resistance function itself.
assuming that δf c = 0.1, δd = 0.1, δA s = 0.1, δc = 0.1, δG = 0.1, δQ = 0.3 and having done the mentioned calculations for all slabs described in Table 1 , certain tendencies were noticed (here δc is the variation coefficient of the column cross-section dimension). Figure 9 presents theoretical dependences of the standard deviation Ϭ 2 V Rm of resistance and the standard deviation Ϭ 2 μ VE of effects depending on the ratio G k /Q k (in the given case the slab PP-20.1). When G k /Q k = 2, the standard deviation of resistance has more influence (58%), in comparison with the standard deviations of effects (42%). When G k /Q k = 1, the standard deviation of resistance becomes less important in comparison with the standard deviation of effects (44% and 56%). in the meantime, when G k /Q k = 0,5, the standard deviation of effects has a much more significant influence (68%), and the influence of the standard deviation of resistance is no longer so significant (32%).
it is also meaningful to compare the influence of independent random variables: ing on the ratio of G k /Q k . as it can be seen from the graph in Figure 9 , when the ratio is G k /Q k = 2, the standard deviation (∂V R /∂d) 2 Ϭ 2 d) of the effective depth d of the slab becomes the most significant, whereas the standard deviation of variable load Q k is the second in importance. When the ratio G k /Q k is 1 or 0.5, the most significant is the standard deviation of the changing load Q k (50% and 65% respectively), the second in importance is the deviation of the effective depth d of a slab (37% and 27%, respectively) and other deviations of factors practically become insignificant.
it should be noted that while calculating the mentioned significances according to different design codes (sTR 2.05.05:2005 ) and En 1990 :2002 (2002 ) the results are not different -they vary within the range of only a few percent.
